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.- NOTES -.

1

POPULATION INVERSION OF A. U. V. ATOMIC LINE IN RECOMBINING PLASMA NOZZLE FLOW*
5.W. Bowen** and C. Park!
Abstract

‘The se}i -absorpiion of the neutral carbonline  exists, however, in neutral carbon at 2478.8 2
at 2478.6 A (2p? 15, ~ 2p 3s 1y ®) has been ex- which is in the quartz-ultraviolet wavelength re-
perimentally measured by placing a concave mir-  gion. Thus, the present experiment was conduct-
ror behind expanding, high pressure, are heated ed with thls carbon lne,
plasmas issuing from a 1. 27 em constricted arc
tunnet, Negative absorption coefficients indicat- ‘The population inversion for any spectralline
ing population inversions have béen observed In can be ebserved by measuring the apparent ab-
bofh helium -melhane and argon-methane plasmas.  sorption coefficient of the line. This ts done by
To date the largest absorption coefficient has been  placing a concave mirror of reflectance r behind
#p* = -, 292 cm™! using a mole fraction of carboit  the plasma {see Fir. 1), M Iy is the direct plas-

=,033 in a helivm-methane mixture, with total ma radiance with a mirror M1 covered and Iy is
tnasga flow 2.5 gm/sec, 4. 75 atm cathode pres- the sum of the direct emission and the partially
sure and emmalpy = 150 MjfRg, The eilective absorbed emission, then
area ratio at the observation station was = 50,
I,=1, +rl, = Al n
Intraduction 2 1 t
- where Al i the radiance absorbed within the plas-
Recent theoreticat calewiations! and experi- ma. The line absorption Ay, defined as the ratio
mental measurements® have indicaled that a largé  of the absorbed Lo the iacident ragiance”r 2 is
overpopulation of the upper neutral atom excited " given by
-Btates with respect to the ground stage can exist
In an arc-heated plasma expanding through a noz- AL A/ rTy =l 41 - !z/zl)lr 2
zle. tn Ref. 2 it is shown experimentally that
such an overpopulation results ullimately in a Because the spectrograph speciral band pass ls

population inversion hetween a pair of states cor~  usually large tompared with the line width, Iy
responding to a visible or infra-red spectral line.  and Ip are radiances integrated over the entire

Ta Ref. 1 it is predicied that a population inver- line profile and path length.

sigh may oceur also for an ultravictet line, The

purpose of the present work is to examine experi- The observed line abgsorption coetlicient, Eq.
mentalty the population inversion of an vitravictet . (2), can be related to the population denstties of
line. Here, spectroscopic measurements made the upper and the lower states of the line con-

on high pressure, high temperature arc-heated cerned as follows. From the radiative transfer
hetium-methane or argon-methane mixlures ex- theory™* * one can show {or a homogenetus path

panding through a nozzle show a populalion inver~  of length L that the integrated line absorption Ay,
sion in the neutral carbon line at 2478.6 A cor- is given in terms of atomic parameiers by,
responding to the 2p? 1S, — 2p 3s 1P| 0 transition.

Theory 2

-k *L

I . N (1 -2 ¥ ) dv

n Ref. 1, the possibility of population inger-
glon for & neutral nltrogen atom line at 1745 A line
wag indicated. Atthough such a possibility does AL . .
exiat, it is difficult to verify experimentally be- ( 1 ~ Ky L)
cause the wavelength is within the vacuum ulira- € av
violet range. A line transition similar to 1745NY iine

(3

.

*“Work performed at the Ames Research Center in part under a cooperative program between the
University of Santa Clara and Ames Research Center while the senior author was a Visiting Asststant
Professor, University of Santa Clara, Sania Clara, Callfornla and partly under o NASA-ASEE Summer
Faeulty Fellowship.

**Assistant Professor, Depariment of Aerospace Engincering, The University of Michigan, Ana Arbor,
Michigan,

Tresearch Scientist, NASA Ames Research Center, Moffett Fleld, California.
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where the integral is performed over the entire
ilne profite. The llnear sbsorption coetficlent & *
is glven by

NP
PO "
e avg Hia,u) )

=K o‘ Hla,u)

where e =electron charge, m =electron mass,

¢ =veloeity of Hght, £y, is the absorplion oscll-
lator strength for the transition £ - u, 4

={y_fc) YBKT/M is the Doppler e-folding width foc
the Tine centered at frequency »g, T L the heavy
particle kinetic temperature and M the heavy par-
ticle mass. Hia,u) is the Vaigt functiond where

a ={T/47)/Avyy is the ratic of the Loreatz damping
width {0 the Doppler width and u = Av/app s the
distance’ from the line cénter in units of the Dop-
pler width. Ng* = Ng (1 = (Ny/gul/(Ng/g ) is the
lower state denmslty corrected for stimulated emis-
slon. The guantity x,*is the absorption coefli-
clent at the center of a pure Dopplér line, Onecan
transform Eq. (3) to a more convenlent form

f(! - z"”’[‘)dv

line

f(z e Kp'L)dv

Hne

AL=2- (5)

which can be evaluated (n terma of the equivalent
width Wy, defined by

-]
W -5 *L
!-a-i’g-af(lfe v )d\l
D%

For the experimental conditions of interest,
a << 1 so that lht:z Dappler Hmit for Hia, u) applies,
toe, Hi{a,u} = e™Y%, and w,/zmb can be expanded
in & aeriesS,

Substituting this series into Fq. (5} we find
for ko* L < 1,
T
For larger, valuea of xy* L, Mitehell and
Zemansky* give
4l ]
=y (1) a (k> 1)
A ®
n
1+ ﬁ, 1 p, kL

where

a, = {2 L g+ 0 VBT

b, = Yo+ DI 1)

Comparing Eq. (6) and {2), we note M A1> 0
ordinary absorption processes dominale over the
dtimulated emlission, and Ay, > O, whereas if

AT < 0, a poputation nversion has occurred and
AL <9,

Equipment and Measurements

The measurements are conducted in the free~
fet stream produced In a constricted-arc plasma-
let wind tunnel of 1. 27 e¢m constrictor diameter at
Ames Research Center. ‘The contoured nozzle 1s
approximately 25 cm long and has an exit diameter
of 5.95 ¢cm, The measurements are made 11 cm
downstream of the exit plane. Since the wind tun-
nel nozzie operates in a highly under-expanded
mode, an abrupt expansion takes place within the .
11 em distance belween the nozzie exit plane and
the measured station. The area ratio at the test
station is approximately 50, The dizmeter of the
plasma-jet stream at the measuring station is of
the order of 10 em, of which approximately 5 cm
s considered to contain the hot plasma ¢ore. A
mixture of hellum and methane or argor and
methane is used as the working gas, and the
methane content is of the order of ‘5% by mole,
The methane is presumed to dissociate within the
arc-heater and provide the atomic carbon gas
necessary for the described transition. The stag-
nation chamber (i.e., the cathode chamber) pres-
sure is maintained at arcund 2 atm and the enthalpy
of the mixture varies hetweer approximatety 50
and 200 Mj/Kg at the centertine of the jet.

The measurement of 1y and [3 in Eq. (2) is
performed by using the mirror-chopper system
shown in Fig. 2. As shown in the flgure, it con-
gists of two spherical mirrors, a Brower Model
1513 ratiometer system havlig two phase -locked
choppers, two lock-ir volimeters, and the ratio-
meter, together with a digltal voltmeter and a
twa-channel recorder. This syatem provides both
the separately time-averaged signals It and T3 and
their ratis, The overall repetition frequency was
approximately 20 Hz, with a typtcal signal averag-
ing time of 3 sec, thus resulting in a well-stabi-
iized slgnal of high signal-to-noise ratlo. The
radiance is measured using a 1/2 meter scanning
monochrometer having a reclprocal dispersion of
17.5 A/mm. A Hitachi R106 ultraviolet sensitive
photomultiplier tube was used as the light detec~
tor. Slit widthy were varied between 6,05 and 0.3
millimeters.

In addition to the ratio 1,/1,, must know
the mirror reflectance r at 34‘15 f?:order to de-
termive the absorption Ay by Eq. {2), The value
of r i3 eruclal, stnce a small uncertatnty in r wifl
seriously affect the magnitude and sign of A7, as
ts apparent from the form of Eq. {2). Three dif-
ferent methods are employed to determine the
mirror reflectance at the required mvelength.4
In the first method, which does not require any
geparate calibration, and can be performed during
a run, one chserves the optically-thin continuum
at wavelengths a few angytroms away from the
line. Jonized helium emits 2 moderately atrong
free-bound continuum at wavelengths below 2600 A
due to radiative recomblnation into 2593 state.
This free-bound continuum is optically thir under
the present experimental conditions and hence

AT = 0 for the contlruum. Eguation {2) then gives

r= (IZ/ll - l)continuum

The second methed of determining r 18 simi-
lar to the first in that it utilizes the emission
fror the plasma as the llght source. Instead of
uslng the helivm continuum, however, the inten~
sity ratio 13/11, of the 2478 A carbon line itself
was monitored as the carbon mole fraction was
fncreaged from = 10°5 up to . 033, At fhe lower
limit the line ig optically thin ard the same for-
mula ag used to determine r {rorn the continuum
intengity ratfo is valid.

The third method of determining v involves an
independent measurement of mirror refiectance
using an ultraviolet light scurce., A special cali-
bration rig was designed for this purpose having
the features shown in Fig. 3. As shown In the
figure, it includes an witraviolet light source {NBS
Standard of Spectral Irradiance) and an wiéraviolet
beamsplitter (trangmiitance ty and reflectance r)
each of which can be rotated precisely 300 arcund
the flow nxia. Based on the four measurements
la, Ty 1o and g, shown on Fig. 3, the micror re-
flectance r 3 given by

r= lb ]d/ualc]

11 three methods yleld a value of r = 0. 53 at 2479

for the mirror M. ‘The precision of the inten-
sity ratto I3/1;, set mainly by the arc tunnel un-
ateadineas, 1s +.005.

Reeults

Experimental values obtalned in boih hellum~
methane and argon-methane plasmas are shown in
Tahble 1, Mumbers 1 through 7 are hellum-melh-
ane rung, while 8 and 9 are argon-methare runs,
The largest absolute value of Ay, 18 that for run
number §,

To show that these values of Ap, glve guite
reasonable population inversions, we calculate
Ng* and {Ny/g,}/(N2/gq) for Run 5. Typical pres-
sures and heavy particle temperatures in the test
section are 1 torr and 1000%K respectively. Esti-
mates based on the results of Ref. 1 and the ap-
pearance of the upper members of the Balmer
series (HT {13) is still quite distinct) indicate Ta
= 3500 9K and Ng = 1 x 1014 in the test section.
The value of Avpy = 4.8 x 109 bz, The contribu-
ttons to I" are: hegvy particle colitsions Fogyy
= Bvagn = 1,3 x 10 7hz: Stark broadem_n_.g y rsmk
= 2.1AV1/2 =3x 100 b2 (Mg = 1077 A)
(see Ref. 7); and radiation Goq = Ayt = 3.4 % 107
hz8. Summing these contributions we find
a={T/4n/avp = 1 x 10=3 << 1. The total par-
ticle density Nyg is 1 x 1018 ¢m~3. ¥or the CI
2478.6 & line, Wiesed gives fu =3 gf=1and
fge = -994. From Eq. (8) we find for A7, = - 2.24
that

KQ‘L:-I.*SG -

For an assunied path length L = 5 em, xg* = -,292
cm~l, Evaluating Eq. (4) fo:: this {ransitiot

-13

.v(o' =2.93x10 Nl.
and hence Ng* = - 1.0 x 1012 om3 for Run 5. Note
INp* | << N[ The energy of the lower state for
this transitlon is Ep = 21648 ¢cm™ and hence
Nefgs = Npp/Zep exp (- E/kTe) =5, 01 x10% em-3
where the neutral carbon partiiion function ZCy
=§ at Tp = 3500 OK, The low states are assumed
to be kn partizl cquilibrivm among themselves! at
an effective excitation temperature = Ty, Using
Ng* = Ng (t - (Nu/gu)/(Nf/g2t3) we find
(Nu/eul/(Ne/gg) = 2.01 x 102 for Run 5,

It should be noted that the measured A, values
are averaged across the jet and tocal values may
be more negailve.

Conclusion

Experimental measurements have indicated
that a substantial population Inversior ean be pro-
duced in & high pressure arc heated carbon plas-
ma expapding through a nozzle for the carbon [
2478.6 A line,
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Figure 1, Schematic of single-reflection

Figure 2. Schematle of I/ly ing technique.
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Figure 3. Protedure for detérmining mirror

refiectance. r =reflectivity of concave mir-

ror My, ry =refieetivity of beamsplitier,

ty =transmisslon of beamspiitter, 1 =radlance
of light source,

absorption méagurement,
Table 1
Mole Total
Number | Fract) Cathode -

Carbo?-gn Pressure ﬂa:: Eathalpy :-I1 AL xo‘ L

atm gm/sec H,/Kg Eq. (8)

1 .05 3.0 2.2 140 - . 362 - .42
2 . 851 3.0 2.1 210 - .27 -.33
3 051 o 21 210 -1,67 -1.20
4 . 067 2.72 21 130 -1.10 - .98
$ 033 4. 75 2.5 190 -2.24 -1. 46
] .08y 2.38 1.9 140 -1. 90 -1.33
7 0h 1.97 1.4 140 ~1.10 -~ .88
8 .03 2.05 8.0 ] - 845 - 80
9 .03 .08 8.0 50 - .B4§ - .80
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